Abstract. The knowledge of the formation of hot cracks in magnesium alloys is fundamental for good quality in the production and further processing of the strips. Whether an alloy is susceptible to hot cracking and into which temperature range, can be taken into account during production and further processing. As a result, production rejects due to hot cracking can be minimized. Affected production steps can be casting, continuous casting, twin-roll casting, rolling or welding. Hot cracking often occurs in the so-called mushy zone, when solid phases and melt coexist, at temperatures where the material no longer exhibits ductility. For the evaluation of the hot cracking tendency of an alloy, the width of the HTBR (high-temperature brittleness range) can be used. On the basis of a test on a Gleeble HDS-V40, the HTBR was determined for a twin-roll cast AZ31 magnesium alloy. The transition between ductile forming behaviour and complete brittle reaction of the AZ31 alloy is confirmed by the observation of the fracture surfaces (determination of the fracture type) in the scanning electron microscope (SEM) and can be found at 555 °C. The HTBR shows a range 35 K.
Introduction
Of all construction metals, magnesium has the lowest density with a high specific strength and is thus a promising material to reduce the weight of components. This is an important approach to reduce fuel consumption in automobiles and reduce CO 2 emissions. [1] In recent years, double-digit growth rates have been recorded by the application of magnesium components, mainly castings. Magnesium also has a high potential in the aerospace and electrical industry. [2] In general, wrought magnesium alloys contain aluminium, zinc and manganese as major alloying elements. A typical alloy series is the AZ series, in which, for example, the alloy AZ31 is represented. [3] A weak point of these alloys, depending on the production process, could be hot cracks. The hot cracking susceptibility of an alloy can be described by the width of their HTBR shown in Fig. 1 . The HTBR is the range between the NST (nil-strength temperature) and the DRT (ductility recovery temperature). The NST is the temperature at which the material is liquefied to such an extent that there are no solid bonds between the individual grains and no forces can be absorbed. The DRT describes the temperature at which there are sufficiently firm connections between the grains during cooling of the alloy, so that the material can exhibit plastic deformation. The HTBR is the range in which hot cracking can occur. The larger this range, the higher the probability of the formation of hot cracks [4, 5] .
According to Adamiec, the value of the HTBR depends on the amount of the low-melting intermetallic γ-phase Mg 17 (Al, Zn) 12 , which is formed during solidification of AZ alloys [6] . The melting temperature of the pure Mg 17 Al 12 phase is 436 °C [7] . Just below this point, the dissolution of the γ-phase is very low, but above this, it increases strongly [8] . The melting during heating or the late solidification during cooling of the remaining melt leads to a reduction in the formability. If an extremely small tensile force is applied to the material, a separation of the magnesium solid solution crystal dendrites (α-Mg) occurs. [9, 10] Fig. 1. Range of high-temperature brittleness (HTBR) based on [6] The HTBR also depends on the initial state of the structure of the alloy, such as whether a casting structure has been subjected to heat treatment [6] . Other influencing factors are technological parameters for example the amount of heat input and the cooling rate [4] .
Another criterion for assessing the hot cracking susceptibility of an alloy is the temperature range between NST and NDT. The NDT (nil-ductility temperature) corresponds to the temperature at which the alloy can no longer receive plastic deformation when heated. According to [11] , the probability of the formation of hot cracks is strongly reduced if this range is less than 20 K. This temperature range and the HTBR are to be determined for twin-roll cast AZ31 magnesium alloy in this paper.
Experimental Procedure
The chemical composition of the tested AZ31 magnesium alloy is shown in Table 1 . The melting temperature of this alloy composition is 629 °C [12] . Sheets with a thickness of 5.3 mm were produced via twin-roll casting (TRC). The HTBR depends on the initial state of the alloy [6] . The microstructure of twin-roll cast strips and the chemical composition is not homogeneous over the strip thickness due to the combination of solidification and rolling processes in the TRC mill [2] . Therefore, flat twin roll cast tensile specimens with an adapted geometry were used for the hot cracking tests on the Gleeble HDS-V40 (see Fig. 2 ; sample thickness corresponds to strip thickness). For the determination of the NST, the tensile specimens were subjected to a low load of 0.2 kN and then heated up to the fracture according to the scheme in Fig. 3 . Up to 500 °C, the heating rate was 5 K/s, after 500 °C it was 1 K/s until breakage. The temperature at break agrees to the NST. All specimens were tested under an argon atmosphere and cooled rapidly after the test with argon gas.
Fig. 3. Theoretical curve from a Gleeble test for determining NST, NDT and DRT
The NDT was determined by heating tensile specimens to various temperatures below the NST (test range between 495 °C and 575 °C), keeping at temperature for 10 s and deforming until fracture (see Fig. 3 ). It was determined on the basis of the evaluation of the necking. The necking was measured with a sliding calliper and calculated using the following equation:
where Z = Reduction of area, A 0 = Cross section before deformation, A B = Cross section after fracture. A similar experiment was selected for the DRT. The tensile specimens were heated to 15 K under NST, cooled down with argon gas to the test temperature and deformed to the break. The temperature, at which a necking due to a plastic deformation can be observed, corresponds to the DRT. In order to assess the nature of the fracture, the fracture surfaces were also examined in a SEM. In addition, light microscope picture of a twin-roll cast strip and of a TRC Gleeble sample after the NST test were taken.
Results and Discussion
Light microscope pictures of a TRC strip cross-section are shown in Fig. 4 a) . The formation of the microstructure depends on various process parameters. Due to the heat dissipation over the rolls, the melt first solidifies at the surface of the strips and finally in the center, similar to the 
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Resource Efficient Material and Forming Technologies solidification of an ingot cast [13] . The structure of the sheets can be divided into three zones: the fine edge zone with globulitic grains that solidifies quickly on the rolls of the mill, the intermediate columnar zone and the globular inner zone in which the melt has solidified last. In the intermediate columnar zone, columnar magnesium solid solution crystals (α-Mg) with a herringbone structure, tilted to rolling direction, are formed, which are partially destroyed through a first rolling pass during TRC. [2] Between the α-Mg grains and in the middle of the strip (center segregation) is an inhomogeneous microstructure of low-melting phases with high phase fraction of aluminium and zinc. These segregations result from the residual melt during the solidification. The results of the NST tests indicated a temperature of 590 °C for the material liquefaction. This result is compared with the NST of AZ casting alloys with different aluminium contents (see Fig. 5 ) [6, 14] .
The determined value fits well with the literature values. Compared to a cast AZ31 alloy with an aluminium content of 3.0 wt.% and an NST of 580 °C, the deviation of 10 K is well justified with the slightly higher aluminium content and furthermore a faster solidification during the TRC process, with a different microstructure compared with cast alloys. The NST values for the alloys AZ61 and AZ91 confirm the strong influence of the aluminium content. They show a nearly linear dependency. Solidified remaining melt, enriched with the alloying elements aluminium and zinc, initiates hot cracking. An increasing aluminium content lead to a rise of segregation phases with low melting points and therefore to a lesser NST. The microstructure of an NST sample in the fracture region was examined using a light microscope (Fig. 4 b) ). The columnar structure change into a globulitic microstructure by the heat input. The fracture runs along the grain boundaries (transcrystalline fracture). In the heat-affected zone, the segregation in the center segregation and between the grains partly melted. Here, the composition of the segregation phases was determined by means of energy dispersive X-ray spectroscopy (EDS, see Fig. 6 ). Increased contents of the alloying elements aluminium and zinc were measured. Due to the size of the measuring spot, which also always measures the surrounding material, the EDS could not determine an accurate composition. However, previous studies using X-Ray diffraction (XRD) revealed that the γ-phase Mg 17 (Al, Zn) 12 and under certain conditions the φ-phase Al 2 Mg 5 Zn 2 plus particles of Al 8 Mn 5 are present in the segregation of the TRC strip [7, 15] .
The HTBR of the twin-roll cast magnesium sheets is the result of the temperature range between the NST and the DRT. From DRT experiments (see Fig. 7 a) ) becomes clear that plastic deformation take place at a temperature of 555 °C, while the material shows a brittle fracture behavior above this temperature. A value of 560 °C is obtained for the NDT. The different elongation at break and necking of the NDT samples as a function of the temperature can also be seen visually (Fig. 7 b) ). The temperature difference between NST and NDT will take 30 K. Therefore, according to the evaluation criterion of [11] , the susceptibility to hot cracking is given since the temperature range is higher than 20 K. The minus values in the reduction of area are caused by selective small fusings at the edge of the sample which protrude a little over the cross-section. The fractured surfaces of the samples 10 K above and below the DRT are shown in Fig. 8 a) and b). At a temperature of 545 °C (Fig 8 a) ), a fracture with brittle and ductile fractions can be clearly seen. At a temperature of 565 °C (Fig. 8 b) ), the sample shows a brittle fractured surface. No plastic deformation has occurred in the material. The break runs along the grain boundaries.
The same behaviour could be seen for the samples taken 5 K above and below the NDT. A fracture with brittle and ductile fractions exists in the sample, which was deformed at a temperature of 555 °C (Fig. 8 c) ). In contrast to this temperature, the 565 °C sample exhibit a pure intercrystalline brittle fracture (Fig. 8 d) ). These images confirm the DRT and NDT temperatures previously determined by the necking.
Summary
• The NST, DRT and NDT were determined with the help of Gleeble tests for a twin-roll cast AZ31 alloy. The performed measurements have shown a value of 590 °C for the NST. In context with a DRT of 555 °C, an HTBR of 35 K was determined. Hot cracking primary takes place in this temperature range. The experimental determined NDT was 560 °C. Therefore, the difference of temperature between NST and NDT is 30 K. This value is above the limit of 20 K for a low hot crack probability [11] . It can be expected that hot cracking occur in the AZ31 alloy.
• A consideration of NST's of the different AZ-magnesium alloys (AZ31, AZ61 and AZ91) revealed a strong dependence of the NST on the aluminium content. Using AZ31 TRC samples, the NST shows only a small increase in comparison with the cast material indicating a low influence whether the material is cast or twin-roll cast.
• The fracture surfaces of the DRT and NDT samples confirm the temperatures determined by the necking.
• In the initial state, the tested alloy AZ31 (twin-roll cast) shows a microstructure similar to an ingot cast structure. During the solidification in the TRC process, secondary phases with lower melting points arise between the α-Mg areas. In the NST tests, these phases melted and the material fails. EDX studies showed that the low-melting phases contain aluminium, magnesium and zinc.
